This paper presents the results of a study of four full-scale upflow gravel filters that are part of fullscale multi-stage filtration. The study explored the design criteria, the operation and maintenance (O&M) practices, and the performance of the systems. Findings showed that most design criteria and O&M procedures are following the recommendations as presented in the literature but several diversions were also identified. Performance data showed that removal efficiencies were on the low side when compared to the literature, possibly because of the good influent quality water that was treated. Cleaning efficiency was analyzed and the overall conclusion is that an adjustment of the design criteria and O&M procedures is needed to enhance system performance. This includes drainage system design, surface cleaning by weir, and filter bed cleaning to allow a reduction in cleaning cycles and an improvement in operation control.
INTRODUCTION
Upflow gravel filtration (UGF) is an important component in multi-stage filtration (MSF) systems, particularly because it protects slow sand filters (SSF) from receiving high loads of suspended solids. The main development of UGF technology emerged in Colombia in the 1980s, where it was introduced first at technical and thereafter at full scale (Galvis et al. ) . In 2005, more than 140 MSF systems existed in Colombia (Visscher ) , and to date the number surpasses 200. In the Valle del Cauca region, about 25% of the rural water treatment plants use MSF.
A UGF consists of a box, or a series of boxes, filled with gravel where the water enters from below and flows out from the top (Figure 1 ). During this passage, impurities are retained in the filter. When filters are cleaned, accumulated solids are removed through gravity flow by opening the drainage valve. The gravel has a large surface area where particles can be retained by sedimentation (main removal mechanism) and attachment (Boller ; Galvis ) , thus facilitating long filter runs. Operation of a UGF involves the control of the filtration velocity, the head loss over the filter and effluent water quality. O&M mainly comprises control of the filtration velocity, head loss, influent and effluent water quality as well as different types of cleaning procedures such as gravel surface cleaning and filter bed cleaning, which may be undertaken daily, weekly, monthly or even less frequently (Galvis et al. ) .
Several systems already operate for a long time making it relevant to evaluate the robustness of design, operation and maintenance (O&M) procedures and performance of such systems, particularly because most systems are managed by local water committees. Therefore, these issues are addressed in this paper, as well as comparing practice with the criteria and procedures recommended in the literature.
Differences include social and community conditions (middle and low-income communities), gravity versus pumped systems (three gravity systems and one pumped system), surface sources with and without storage reservoir, and differences in O&M practices. The analysis explored the design criteria applied in the systems, the O&M procedures that are used and the UGF performance, including the treatment efficiency for turbidity, Escherichia coli, total coliforms and also total suspended solids (TSS) removal, hydraulic behavior and cleaning efficiency. The analysis was further based on multiple sources of evidence, e.g., observation, interviews, water analysis and the literature (Yin ) . This enhances the validity of the findings by triangulation (Stake ), which consists of using a combination of methodologies to study the same phenomenon, thus making it possible to compare, enrich the interpretations, and contrast data from different sources. In this case, feedback from system operators was used to check whether performance and conditions during the short research period deviated from the normal situation. Although the research of a reduced number of systems has limitations for the generalization of findings, the four selected systems are still fairly representative for a much larger number of UGF systems that treat water from surface water sources in Colombia.
Design criteria were established by reviewing drawings and physical inspection. O&M procedures were reviewed by looking at operational instructions (if available), observation and interviews with operators. Water quality parameters were measured in the UGF (see Figure 1 , points (1) and (2)); surface cleaning was observed (point 3) and filter bed cleaning was monitored (point 4). The flow was measured by a calibrated triangular weir installed in the inlet channel of the UGF units. Samples of the filter material were sieved to verify gravel size and porosity was determined following the procedure described by Ives (). Head loss (h f ) over the UGF was measured daily over 7 days, covering a full cycle of operation between two cleanings.
Turbidity and TSS in the influent and effluent of UFG were measured daily during a 2-week site visit and were used to estimate TSS accumulation during the filter run. This was compared with the TSS measured in the cleaning process. Discharge during cleaning was measured at point (4) (Figure 1 ). To observe possible differences in cleaning efficiency, the standard cleaning procedure with shock loading by opening and quickly closing the drainage valve (some 10 times) was compared with an uninterrupted drainage process (which is easier for the operator). 
Water quality analyses
Influent and effluent quality was monitored in the UGF units at each treatment plant, looking at the following parameters: TSS, turbidity, E. coli, total coliforms and pH (see Figure 1 , points (1) and (2)), using Standard Methods (APHA AWWA & WPCF ). During filter bed cleaning, turbidity and TSS were measured and the correlation was verified.
Filter bed cleaning
To obtain more insight into filter bed cleaning, the following procedure was followed: (1) the surface area of each filter was measured (A); (2) the declining water level in the filter (Δh) was measured over time (t); and (3) the washing velocity was set by the expression Q ¼ Δh*A/t (m 3 /s). The drop in the water level in the filter was measured in the inlet pipe until the filter was empty.
Hydraulic behavior of UGF units
The hydraulic behavior of the UGF units was established by applying tracer tests with sodium chloride, which makes it possible to determine the presence of dead zones resulting from the hydraulic design and possible permanent clogging. The concentration curve of the tracer was analyzed using the mathematical simulation models of Wolf-Resnick, the Morril index, and the model of completely mixed reactors in series (CMRS) (Sánchez et al. ) .
Description of the UGF systems
The four full-scale MSF plants are described in Box 1. All systems include dynamic gravel filtration, except for El Retiro, which was selected because this system is preceded by a reservoir (4,000 m 3 ) to prevent peak loads of suspended solids reaching the UGF. All plants have UGF in layers as a secondary filtration stage. The system in La Sirena was selected because it has two stages of UGF, both of which are in layers. This diverts from what is described in the literature as a two-stage UGF with two filtration stages of different gravel size with crushed gravel, which is different to the other systems that use river cobble. The plant in Arroyohondo was selected because it has a special feature in that it makes it possible to dose a coagulant prior to the UGF when turbidity is high, to stimulate coagulation and flocculation in the UGF (Sánchez et al. ) . All plants have SSF as the final filtration stage. Golondrinas is a typical system located in a mountainous rural area with deforestation problems in the watershed. A summary of the treatment plant components is shown in Table 1 .
All UGF units are made from reinforced concrete. Drainage systems, consisting of perforated polyvinyl chloride (PVC) pipes, are placed at the bottom of the structure, serving both to distribute the flow during filtration and to discharge the water during periods of cleaning.
Box 1 | The four MSF systems included in this study
The MSF system in El Retiro replaced a conventional water treatment plant with rapid filtration in 1987; the system provides water to a better-off neighborhood with 500 inhabitants and a number of private schools. The system was financed through the tariff and is managed by a team of operators supervised by a users committee.
The MSF system in Arroyohondo replaced a compact conventional water treatment plant with rapid filtration. In this MSF, it proved possible to use coagulation and flocculation in combination with UGF, which enhances the flexibility to respond to variations in turbidity (Sánchez et al. ) . The system was built in 2005 with financial resources raised by local organizations and communities. Today, it supplies water to 840 inhabitants.
The MSF system in La Sirena was built in 1988 in response to several cases of cholera that occurred in the community. Initially it only comprised SSF, but subsequently this was transformed into an MSF system to cope with the deterioration of water quality in the watershed. It provides water to 4,500 inhabitants of a low-income settlement. It is managed by a water committee and was built with support from central and local governments and a small grant from the Dutch Embassy.
The MSF system in Golondrinas is located in a remote, rural low-income community. It provides water to 2,500 inhabitants, is managed by a water committee and was built in 2005 with financial resources from central and local governments.
RESULTS AND DISCUSSION

Design characteristics of the UGF systems
The design characteristics of the systems are shown in Table 2 , which also includes the guideline values given by Galvis et al. () .
Some design characteristics (filter length, number of stages and period of operation) are in line with Galvis et al. (). Gravel sizes, however, are different and the observed filtration velocities were all above the recommended levels (0.6 m/h). In El Retiro and Golondrinas, the minimum filtration area per upflow gravel filtration in layers (UGFL) unit is over 20 m 2 , which may influence the washing efficiency. Important differences also exist for the minimum static head (difference between supernatant water level and the outlet pipe in the drainage chamber (Ht, Figure 1) ) only matches the criteria in La Sirena, which is part of the hydraulic design of drainage system, to ensure sufficient initial washing velocity. This velocity was low in two systems, showing deficiencies in the design of these two systems.
Rulers to measure flow rate and head loss were missing in all systems. The absence of these tools suggests that the operators and their supervisors did not grasp the importance of either flow control to avoid overloading or head loss measurement to follow the clogging process.
Operation and maintenance as practiced in the systems O&M procedures were compared with the procedures proposed in the literature (Table 3 ). All systems were operated based on visual inspection of the water, closing the inlet if the operator observes that the turbidity is too high. Flow velocity, head loss and turbidity were not measured.
Weekly cleaning was applied in all systems but operators added the envisaged monthly surface cleaning and carried this out before filter bed cleaning. All operators followed the procedure as suggested in the literature, which entails interrupting the outlet and inlet flows to the unit while maintaining a layer of supernatant water on top of the gravel bed. Surface cleaning was then done manually with a shovel, stirring the surface layer of the filter to remove solid material adhering to the gravel. The supernatant water was discharged with the released solids. In the two systems with orifices, the water discharge is low and much lower than the two systems with overflow weirs, which may result in the removal of fewer solids.
The cleaning procedure by filter drainage also matches the procedures indicated in the literature. Filter units were filled to 20 cm above the gravel bed by opening the inlet valve, thus increasing the static head at the start of the cleaning. During drainage, the butterfly valve on the drain pipe was quickly opened and closed (approximately 10 times). The filter was then filled again from the top and drained, and thereafter put back into operation.
The envisaged occasional extraction and washing of the gravel has never been done in any of the systems according to the operators, and one system has been operating for over 15 years with only weekly cleanings. Table 4 presents additional O&M data for each system. Differences exist in the maximum turbidity levels that operators accept before closing the inlet to avoid turbidity peaks reaching the system. Operator judgement is based on visual inspection (no measurement); interestingly, when water samples were taken it turned out that their visual assessment was quite in line with the indicated levels (Table 4 ). Frequency and duration of interruptions are low, thus not affecting the continuity of the overall system. The total time for all maintenance activities was observed and divided by the surface area of the unit (operator h/m 2 ), to be able to compare systems. Maintenance time is highest in Golondrinas and La Sirena, mainly as a result of low drainage velocity during surface cleaning.
Water quality
Water quality monitoring is very limited and only concerns the end product (outflow SSF). In El Retiro, E. coli is monitored daily. Monthly monitoring of the effluent of the SSF is done in El Retiro and Arroyohondo (measurements: turbidity, color, pH and E. coli). No monitoring is applied in the other two systems.
During the site visits, the water quality at the inlet and outlet of the UGF and the outlet of the SSF was additionally monitored for a period of 2 weeks (Table 5 ). The mean turbidity level of the effluent of the UGF was less than 5 NTU. In all cases, the turbidity of the effluent of the UGF was below 10 NTU, which is the guideline value of inflow water to the SSF units (Galvis et al. ; Di Bernardo & Sabogal ) . The best turbidity removal was obtained in El Retiro. La Sirena showed the worst performance, possibly due to the high filtration velocity and the type of filter material (crushed gravel with a higher porosity, a larger shape factor (8.7) and lower sphericity (0.69)) (Di Bernardo & Sabogal ).
The best removal efficiency for E. coli was found in the UGF units in El Retiro and Golondrinas with 66 and 72%, respectively. These plants were operated with a relatively constant flow, following the guidelines. The other systems had larger flow variations and lower removal efficiencies. Table 6 summarizes the results of the tracer tests for each treatment plant. Results show that the UGFs corresponded to a 'dual system' with plug flow and mixed flow while also presenting dead zones, which is consistent with the UGF behavior as reported by Galvis () . The UGF in El Retiro had the best performance with the largest portion of plug flow and the lowest fraction of dead zones. The highest fraction of dead zones was found in the systems that do not have a weir (La Sirena and Golondrinas), which suggests that the limitations in surface cleaning had a negative effect on the hydraulic behavior.
Hydraulic behavior of UGF units
The dead zones suggest that some permanent accumulation of solids occurred in the gravel bed. This accumulation was more severe in the systems with limitations in surface cleaning. 
Cleaning behavior in UGF units
The TSS concentration during drainage ( Figure 2 ) showed four zones: (1) a first peak of TSS during a high washing velocity;
(2) a low concentration of TSS during declining washing velocity; (3) a peak in TSS during low washing velocity; and (4) a low concentration of TSS and a low flow.
The first peak results from the high initial flow, which quickly dragged particles to the drainage system. Thereafter, the velocity reduced and fewer particles were dragged. The second peak is most likely the result of air being pulled into the gravel bed, which helped to disturb the particles that remained on top of the grains. Earlier reports on filter cleaning (Wolters ; Cinara & IDRC ) only reported the first peak. In Arroyohondo, two identical UGF units with the same operation time (7 days) and equal influent water quality were cleaned at the same time: one with shocks and the other only draining the filter. The behavior in terms of TSS removal was very similar in the two units, which suggests that shock loading, by quickly closing the drainage valve, did not have an effect on the TSS removal pattern (Figure 4(d) ). This confirms the suggestion of Mataix () and Collins et al. () that stirring of the deposits does not happen because the energy is dissipated by deformation of the pipe and by the viscosity of the water. The highest washing velocities during UGF cleaning were obtained in Arroyohondo and La Sirena and these were in line with those reported by Wolters () and Galvis () , but low in comparison to the range of 60-90 m h À1 found by Pardón () . For the other two systems, values were much lower, probably due to hydraulic limitations in the drainage system.
The effectiveness of filter bed cleaning was checked by analyzing the quantity of TSS removed during cleaning. Results were compared with turbidity data and showed to have a good linear correlation (TSS ¼ 0.16 (turbidity) þ0.138; R 2 ¼ 0.93; n ¼ 16). Based on this correlation, the TSS concentration in the drainage water for both drainage cycles was calculated using the data from Figures 2 and 3 . Results of the accumulated removal are shown in Figure 4 . Furthermore, the mass balance of TSS was established based on TSS values in influent and effluent for the same 7 days to calculate the total amount of solids retained in the filter over the filter run (dotted horizontal line in Figure 4) . Figure 4 shows that on average, in all UGFs, about 90% of the retained solids were removed by two drainage cycles. The other 10% is expected to be removed by surface cleaning as it has not been necessary to remove the gravel for washing; in three UGFs, the second filter drainage removed a larger quantity of solids than the first. A possible reason may be the relatively low TSS concentration in the influent (0.8-2 mg/L), resulting in a low volume of deposits in the filter.
In a way, the lower initial washing velocity may have facilitated the solids removal. While the peak velocity was lower, a higher velocity was sustained for a longer period (Figure 3) , which contributed to solids removal over a longer period of time (Figure 4(b) and 4(c)).
While Pardón () indicates the need for frequent cleaning to avoid permanent clogging of the filters, our findings related to weekly cleaning suggest that cleaning frequency can be even lower. The systems only developed a small head loss after 1 week (<0.05 m). Furthermore, gravel was not removed for cleaning in any of the UGFs because of advanced clogging, and one system had been in operation for 15 years. Hence, it is relevant to explore the cleaning cycles in more detail since reduced frequency reduces the workload of the operator, and reduces water loss, which may be particularly relevant in pumped systems. Longer periods between cleaning may also have a positive effect on treatment efficiency by allowing more biomass development in the filters. 
